Bacteriophages engage in complex dynamic interactions with their bacterial hosts and with each other. Bacteria have numerous mechanisms to resist phage infection, and phages must co-evolve by overcoming bacterial resistance or by choosing an alternative host. Phages also compete with each other, both during lysogeny by prophage-mediated defense against viral attack and by superinfection exclusion during lytic replication. Phages are enormously diverse genetically and are replete with small genes of unknown function, many of which are not required for lytic growth, but which may modulate these bacteria-phage and phage-phage dynamics. Using cellular toxicity of phage gene overexpression as an assay, we identified the 93-residue protein gp52 encoded by Cluster F mycobacteriophage Fruitloop. The toxicity of Fruitloop gp52 overexpression results from interaction with and inactivation of Wag31 (Div-IVA), an essential Mycobacterium smegmatis protein organizing cell wall biosynthesis at the growing cellular poles. Fruitloop gene 52 is expressed early in lytic growth and is not required for normal Fruitloop lytic replication but interferes with Subcluster B2 phages such as Hedgerow and Rosebush. We conclude that Hedgerow and Rosebush are Wag31-dependent phages and that Fruitloop gp52 confers heterotypic superinfection exclusion by inactivating Wag31.
Introduction
Bacteriophages exist in a dynamic relationship with their bacterial hosts, with an estimated 10 23 infections per second spanning a period of perhaps three billion years of evolution (Hendrix, 2002) . Consequently, there is strong selection for bacterial survival in response to viral attack, coupled with phage co-evolution to avoid elimination by host resistance (Shabbir et al., 2016) . Many bacterial mechanisms to survive phage infection have been described, including restriction modification, CRISPRCas, DISARM, Argonaute-based interference, BREX and many abortive infection systems Dussoix and Arber, 1962; Chopin et al., 2005; Tock and Dryden, 2005; Barrangou et al., 2007; Fineran et al., 2009; Swarts et al., 2014; Goldfarb et al., 2015; Doron et al., 2018; Ofir et al., 2018) . Phage coevolution involves the acquisition of specific countermeasures such as antirestriction and anti-CRISPR proteins, coupled with the ability to switch host-range at reasonably high frequencies (Tock and Dryden, 2005; Jacobs-Sera et al., 2012; Bondy-Denomy et al., 2013) . These events contribute to the genetic diversity of bacteriophages and their characteristically mosaic architectures (Pedulla et al., 2003) . Temperate phages code for genes that are prophage-expressed and confer defense against heterotypic (i.e., different) phage attack (BondyDenomy et al., 2016; Dedrick et al., 2017) , providing enormous opportunities for strain variation and efficient acquisition of phage resistance.
Competitive dynamics among phages also occurs during lytic growth, as superinfection of a cell supporting active lytic phage replication can deplete resources required for efficient lytic replication. To avoid superinfection, phages can carry genes coding for small membrane proteins that are expressed in lytic growth and exclude infection by other phage particles. Exclusion proteins can be expressed from both temperate (e.g., P22 SieA and HK97 gp15) and lytic (e.g., T4 Imm) phages (Susskind et al., 1974; Lu and Henning, 1994; Cumby et al., 2012) and typically exclude phages of the same or closely related (i.e., homotypic) type. Exclusion typically blocks DNA injection and the HK97 gp15 protein -which is prophage expressed (Cumby et al., 2012) -does this by interrupting essential interactions between the phage tape measure protein (Tmp) and the host inner membrane protein, PtsG (Cumby et al., 2015) .
Mycobacteriophages -viruses infecting mycobacterial hosts -form the largest collection of sequenced genomes of phages known to infect a single common host strain, Mycobacterium smegmatis mc 2 155 (Pope et al., 2015; Russell and Hatfull, 2017) . Over 1,500 mycobacteriophage genomes have been sequenced (Russell and Hatfull, 2017) , which have been grouped into clusters according to their overall nucleotide sequence relationships (Hatfull et al., 2010; Pope et al., 2015) . Altogether, the 1,500 sequenced genomes are A. Fruitloop gene 52 was identified in a screen for phage genes that kill M. smegmatis when its expression is induced. Two separate colonies of M. smegmatis carrying Fruitloop 52 regulated by an ATc-inducible promoter (plasmid pCCK1) were streaked either in the presence or in the absence of inducer. A strain expressing mCherry (plasmid pCCK11) similarly regulated is also shown. B. Fruitloop gp52 expression leads to rapid cessation of M. smegmatis growth. Inducer was added to a liquid culture of M. smegmatis carrying Fruitloop 52 (plasmid pCCK1) at early logarithmic growth (OD 600 0.4) and OD 600 measured at various time points as shown. Uninduced, blue line; induced, red line. C. Fruitloop gp52 expression is bacteriocidal. Samples taken at various times (shown at the right, in hours) from cultures like those shown in panel B were serially diluted 10-fold and spotted onto solid media lacking inducer. Viability is reduced even after 4 hours of induction. D. Morphological changes to M. smegmatis following induction of Fruitloop 52 expression observed by light microscopy. After 4 h of induction, an evident bulge is observed at one pole of many cells, followed by cell rounding after 8 h of induction.
grouped into 29 clusters (Clusters A-Z, AA-AC) and five singletons each of which has no close relatives (Russell and Hatfull, 2017) . Many of the clusters can be divided into subclusters and may also span considerable genetic diversity. This diversity can be accounted for with a model in which the phages rapidly change host preferences and migrate in varying routes across a landscape of bacterial hosts, accessing different parts of a large common gene pool as they go (Hendrix et al., 1999; Jacobs-Sera et al., 2017) .
The enormous genetic diversity of bacteriophages is also reflected in the large number of phage-encoded genes of unknown function. In the current 2,459 sequenced phage genomes of Actinobacterial hosts [as of February 2018; Russell and Hatfull, 2017) , there are over 250,000 predicted genes that can be grouped into over 22,000 phamilies according to their amino acid sequence relationships (Cresawn et al., 2011) ; approximately 70% of these do not have bioinformatically predicted functions (Pope et al., 2015) . Elucidating gene functions is facilitated by constructing mutant phage derivatives in which specific phage genes have been deleted (Marinelli et al., 2008) , although many genes are not required for lytic growth and do not exhibit informative phenotypes (Pope et al., 2011; Dedrick et al., 2013) . Other strategies to characterize gene functions include determining the patterns of interacting phage proteins (Blasche et al., 2013 , Mehla et al., 2015 Mariano et al., 2016) and identification of phageencoded genes that are toxic to the bacterial host and identifying interacting host proteins (Liu et al., 2004) . This also has the potential to identify essential host genes and their exploitation as targets for antibiotic development (Liu et al., 2004) .
The mycobacteria have unusual cell walls, rich in mycolic acids (Jankute et al., 2015) . The protein Wag31 (also known as DivIVA or Ag84) is polar localized and plays a critical scaffolding role in organizing the enzymatic machinery at the cell envelope required for cellular growth and elongation (Kang et al., 2008; Meniche et al., 2014) . Wag31 is essential for the growth of M. smegmatis and Mycobacterium tuberculosis, and silencing its expression leads to bulging at one pole of the cell, followed by complete cellular rounding (Kang et al., 2008; Meniche et al., 2014) . Wag31 interacts directly with several cell wall biosynthetic enzymes including FAS-II complex members, acyl-CoA carboxylase (ACC) complex members AccA3 and AccD5, PBP3 (Mukherjee et al., 2009; Carel et al., 2014; Meniche et al., 2014; Xu et al., 2014) , CwsA and MtrB (Plocinski et al., 2012; Plocinska et al., 2014) and the chromosome partitioning protein ParA (Ginda et al., 2013) . It is regulated by phosphorylation by PknA and PknB (Kang et al., 2005) , and interaction between Wag31 and PknA is dependent on Wag31 phosphorylation (Lee et al., 2014) . Wag31 was also identified in an anti-TB drug screen as a potential target of an aminopyrimidine-sulfonamide, although the drug does not act directly on Wag31 (Singh et al., 2017) .
Here, we show that gp52 encoded by the Cluster F mycobacteriophage Fruitloop interferes with heterotypic superinfection of Subcluster B2 phages such as Hedgerow and Rosebush. Fruitloop gp52 was identified as a protein toxic to M. smegmatis when overexpressed and acts by interacting with and inactivating the essential host protein, Wag31. Fruitloop gp52 is not required for phage replication but is expressed in lytic growth, preventing Wag31-dependent phages from superinfecting and interfering with efficient Fruitloop growth.
Results
Fruitloop gene 52 expression is toxic to M. smegmatis During a screen to test for toxicity of mycobacteriophageencoded proteins (Ko and Hatfull, in preparation), gene 52 of mycobacteriophage Fruitloop was inserted into a plasmid vector (creating pCCK1) in which Fruitloop 52 expression is induced by the addition of anhydrotetracyline (ATc). Fruitloop 52 is a small gene (282 bp) encoding a protein of unknown function, although there are over 80 similarly sized homologues in the actinobacteriophage database, all in Cluster F genomes (Russell and Hatfull, 2017) . Induction of Fruitloop 52 expression results in nonviability on solid medium (Fig. 1A) and cessation of growth in liquid culture within 4 h of induction (Fig. 1B) . The lack of recovery of growth on solid media after 12 h of induction suggests that Fruitloop gp52 expression is bacteriocidal (Fig. 1C) . Fruitloop gp52 expression also imparts a change in cellular morphology (Fig. 1D) . After 4 h of induction, cells show a marked bulging at one end and, by 8 h after induction, many cells are round in shape (Fig. 1D) . RT-PCR analysis shows full induction of Fruitloop gp52 within an hour after the addition of ATc, but also some leaky expression in the absence of inducer (data not shown). The uninduced expression level is approximately similar to the expression of that of M. smegmatis dnaA (Msmeg_6947; expressed at 1-5% of the level of the most highly expressed M. smegmatis genes), and a few uninduced cells ( 1%) have an endbulging morphology (data not shown).
Fruitloop gp52 interacts with M. smegmatis Wag31
To explore the mechanism of Fruitloop gp52 toxicity, we tested whether it interacts with host proteins using coimmunoprecipation. We constructed a plasmid (pCCK2)
Fruitloop gp52-mediated exclusion 445 expressing a derivative of Fruitloop gp52 containing an HA tag at its C-terminus and showed that the tag does not interfere with its toxicity. M. smegmatis mc 2 155 was transformed with this plasmid, expression was induced with ATc and a cleared lysate was prepared. Fruitloop gp52 was precipitated using anti-HA agarose beads, and after bead washing, co-immunoprecipitating proteins were eluted and examined by SDS-PAGE (Fig.  2A) ; a lysate prepared from a strain carrying a nontagged version of Fruitloop 52 (encoded by plasmid pCCK1) was used as a control. Although many proteins were recovered in both samples, the HA-tagged sample has two prominent bands that are absent from the untagged control ( Fig. 2A) . The lower molecular weight band migrates close to the predicted size of Fruitloop gp52 (11.8 kDa, including the HA tag), and its identity was confirmed using anti-HA antibody in a Western blot (see Fig. 2B ). The higher molecular weight protein was excised from the gel and analyzed by mass spectrometry, which showed that the greatest numbers of peptides corresponded to M. smegmatis Wag31 (MSMEG_4217). A total of 96 spectra were identified spanning 60% of the predicted Wag31 protein sequence. A. Clarified lysates were prepared from a strain of M. smegmatis expressing either Fruitloop gp52 (-) To confirm the interaction between Fruitloop gp52 and Wag31, we constructed a plasmid (pCCK23) expressing a FLAG-tagged wag31 derivative, expressed from the P hsp60 promoter and introduced it into a M. smegmatis mc 2 155 strain expressing HA-tagged Fruitloop gp52.
Following induction of Fruitloop gp52 expression, a cleared lysate was prepared and Wag31-FLAG protein was recovered by precipitation with anti-FLAG agarose beads. Proteins were recovered, separated by SDS-PAGE and a Western blot probed sequentially with anti-FLAG and anti-HA antibody (Fig. 2B) . Fruitloop gp52-HA clearly immunoprecipitates with Wag31-FLAG but does not when using wild-type Wag31 as a control, or when an alternative protein (MSMEG_5831FLAG) is targeted (Fig. 2B ). Wag31 is an essential protein and known to interact with a variety of cellular proteins involved in cell wall biosynthesis (Mukherjee et al., 2009; Carel et al., 2014; Meniche et al., 2014; Xu et al., 2014) , and thus, the interaction with Wag31 could be direct or indirect through other associated proteins. We favor a direct interaction, because we do not observe any of the other Wag31-associated proteins, which precipitate at levels substantially sub-stoichiometric to Wag31 and Fruitloop gp52 ( Fig. 2A) . The finding that Fruitloop gp52 interacts with Wag31 is notable in that the changes in cellular morphology seen upon Fruitloop gp52 expression are similar to those seen when the expression of Wag31 is downregulated, with bulging of the cells at one end, followed by rounding of the cells at later time points (Meniche et al., 2014) . Overexpression of Wag31 also results in distorted cell shapes (Nguyen et al., 2007; Kang et al., 2008) . Wag31 is known to be localized to the cell poles, and we therefore asked whether Fruitloop gp52 is similarly localized (Fig. 2C) . Using a Fruitloop gp52-GFP fusion protein, we observed that after 2 h of induction when there is minimal disruption to overall cellular morphology, Fruitloop gp52 is present predominantly at the cell poles (Fig. 2C) .
To further explore the nature of the Fruitloop gp52-Wag31 interaction, we constructed a series of strains in which Wag31, or proteins known to interact with Wag31 complexes including CwsA (MSMEG_0023), AccA3 (MSMEG_1807), AccD4 (MSMEG_6391) and AccD5 (MSMEG_1813), were overexpressed and tested for their ability to rescue M. smegmatis from Fruitloop gp52 toxicity (Fig. 2D) . Overexpression of Wag31 clearly results in rescue of Fruitloop gp52 toxicity, a phenotype not observed with overexpression of any of the other Wag31 complex-associated proteins (Fig. 2D ). These observations are consistent with a direct interaction between Fruitloop gp52 and Wag31, such that Wag31 overexpression leads to saturation of the interactions with Fruitloop gp52, providing sufficient active Wag31 to support viability. Taken together, these observations are consistent with the interpretation that Fruitloop gp52 interacts directly with Wag31 leading to its functional inactivation and loss of viability.
Mutational analysis of Fruitloop gp52
Amino acid sequence alignment of Fruitloop gp52 and its homologues show strong conservation across the spans of the predicted proteins (Fig. 3A) . Although the function of these proteins is not known, they have common predicted secondary structures with three alpha helices (Fig. 3A) . Conservation of the extreme Nterminus supports the commonly assigned start site rather than the plausible alternative start site at codon 29, although the N-terminal 31 residues do not have a strongly predicted secondary structure (Fig. 3A) . It is also noteworthy that all of the protein family members have C-termini ending with -DAA or -EAA, reminiscent of the ssrA-like tag associated with protein degradation (Fig. 3A) .
Despite its conservation, the N-terminal 28 residues are not important for Fruitloop gp52 toxicity (Fig. 3B) ; when these are deleted and the potential initiation codon at position 29 is fused to the putative ribosome-binding site, toxicity is still observed when induced (Fig. 3C ). The -DAA C-terminal tag also is not required for toxicity (e.g., F52mut3 and F52mut5, Fig. 3B and C), although its removal leads to poor growth even when expression is not induced (Fig. 3C ). Moreover, upon induction, loss of the -DAA C-terminal tag results in a more severe growth defect than its wild-type counterpart (Fig. 3D ). We also determined that fusion of the C-terminal 19 residues of Fruitloop gp52 to mCherry results in the loss of fluorescence, presumably due to instability of the protein (Fig. 3E) ; substitution at the penultimate position (i.e., A92E), which is known to be important for ssrA degradation (Broussard et al., 2013) , abrogates this effect (Fig. 3E) . Furthermore, fusion of the 19 C-terminal Fruitloop gp52 residues to mCherry gives a phenotype similar to fusion of the 19 C-terminal residues of gp33 of phage BPs to mCherry (Fig. 3E) ; the BPs gp33 tag has been shown previously to promote degradation (Broussard et al., 2013) . These observations suggest that Fruitloop gp52 is subject to proteolytic degradation targeted by its C-terminus, eliminating residual toxicity of the gene when it is uninduced or expressed at low levels, and that expression at higher levels leads to protein accumulation and toxicity through its interaction with Wag31.
Following error-prone PCR amplification of Fruitloop 52, mutants defective in the toxic phenotype were readily recovered and we identified three mutants containing substitutions are at residues conserved in all family members, and position 70 is either an isoleucine or valine amino acid (Fig. 3A) ; all three positions are within predicted alpha helices 1 and 2 (Fig. 3A) . The I70S mutant is strongly reduced in its co-precipitation with Wag31, suggesting that Helix 2 is critical for the Wag31 interaction (Fig. 3F) . The other two mutants show somewhat reduced co-precipitation with Wag31, although the effect is less dramatic than with I70S ( Fig. 3F ). We also isolated three mutants with single amino substitutions at the predicted translation start codon (M1K, mutants F52er55 and F52er112; M1R, mutant F52er104), confirming this as the codon used for translation initiation.
Fruitloop gene expression
Little is known about gene expression patterns of Fruitloop or any other Cluster F phage, and thus, it is unknown if Fruitloop 52 is expressed during lysogeny, or during lytic growth. To examine transcription patterns, we first isolated mRNA from a Fruitloop lysogen of M. smegmatis and determined strand-specific transcription by RNAseq (Fig. 4) . Relatively few genes are expressed, but these include the leftwards-transcribed immunity repressor (44) and the adjacent gene (43), and the rightwards-transcribed genes 41 and 42 (Fig. 4) . Low level expression of genes 25, 37-39, 40 and 68-102 is observed, but we saw no expression of 52.
Thirty minutes after infection with Fruitloop, early lytic gene expression is seen with transcription initiating upstream of gene 45 and extending through to gene 91 (Fig. 4) . The mRNA levels vary somewhat across this region and generally diminish from the leftmost (45) to the rightmost (91) genes, and these 47 genes likely constitute a single operon. Gene 52 lines within this operon, and it is evidently transcribed during early lytic growth.
Other genes expressed at this time are 26 and 27 and 37-39. By 150 min after infection, late lytic gene expression is very active, with rightwards transcription initiating in the 91-92 intergenic region. Transcription proceeds rightwards through cos to the rightmost of the rightwards-transcribed genes in the left arm (36), with the lysis genes (29-30) near the right end of the operon having somewhat lower RNA levels. The transcript levels of the early-expressed genes, including 52, are at similar levels at the later time as they are at 30 min postinfection (Fig. 4) .
We also identified Fruitloop proteins expressed early and late in lytic growth (30 and 150 min post-infection respectively) using LC-MS/MS (Table 1) . A total of over 86,000 spectra were identified, corresponding to 3,919 predicted proteins, mostly those encoded by M. smegmatis. We also identified approximately 60% of the predicted Fruitloop proteins encoded both from the early and late lytic genes. Unfortunately, few spectra were identified for many of the smaller Fruitloop proteins, and none for gp52. We note that ms analysis of the 11.8 kDa protein precipitated using the anti-HA antibody ( Fig. 2A ) also failed to yield identifiable spectra, and it is plausible that gp52 is either resistant to trypsin digestion during the analysis, or the peptides are not readily detectable using standard procedures. Several previously unidentified genes were detected, and the translational start sites of several genes were re-evaluated (Supporting Information).
Fruitloop gene 52 is nonessential for lytic growth
Although it is evident that Fruitloop gp52 is toxic to M. smegmatis when overexpressed and that this phenotype is likely mediated through interactions with Wag31, it is unclear what role gp52 plays in the life cycle of the phage. To determine whether Fruitloop gp52 is required for lytic growth, we used Bacteriophage Recombineering of Electroporated DNA (BRED) (Marinelli et al., 2008) to A. ClustalX alignment of Fruitloop gp52 and nonredundant homologues coded in Cluster F mycobacteriophages. Conserved residues are indicated above, with asterisks noting completely conserved residues. Below is shown a secondary structure prediction (psiPRED) indicating three predicted alpha helices. The positions of single amino acid substitutions in three separate non-toxic mutants of Fruitloop gp52 are shown below. B. Five deletion derivatives (mut1-mut5) were constructed each of which contains only the segments displayed by the black lines, aligned with the sequences shown in panel A. C. M. smegmatis strains expressing each of the deletion derivatives in panel B were plated onto solid media either with or without inducer; two colonies of each strain were streaked. D. Removal of the C-terminal residues of Fruitloop gp52 enhances its toxicity. M. smegmatis cultures expressing wild-type Fruitloop g52 (uninduced, blue; induced red) or Fruitloop gp52 mut3 (uninduced, green, induced, purple) were induced at time 0 and OD 600 measured up to 8 h after induction. E. The C-terminal 19 residues of Fruitloop gp52 confer protein instability. Strains carrying inducible plasmids expressing mCherry, mCherry with C-terminal fusions of 19 residues of Fruitloop gp52, 19 residues of Fruitloop gp52 with an A92E substitution at the penultimate residue, C-terminal 19 residues of BPs gp33 or the C-terminal 19 residues of BPs gp33 containing an A135E substitution in its penultimate residue, were induced and fluorescence measured at the following times: 0 h (black), 2 h (blue), 4 h (green) or 24 h (yellow) after induction. F. M. smegmatis strains expressing three different non-toxic Fruitloop gp52 mutants were induced, Fruitloop gp52 was immunoprecipitated with anti-HA antibody, and the proteins recovered and separated by SDS-PAGE. Western blotting was used to detect Wag31 with anti-FLAG antibody, followed by HA-tagged Fruitloop gp52 as indicated.
Fruitloop gp52-mediated exclusion 449 construct a Fruitloop derivative in which gene 52 is deleted (Fig. 5A) . The FruitloopD52 mutant was readily constructed and forms similarly sized plaques to wildtype Fruitloop (Fig. 5B) ; fecundity assays showed that mutant and wild-type plaques contain similar numbers of phage particles (mean 3.3 3 10 8 6 1.48 3 10 8 and 3.6 3 10 8 6 2.41 3 10 8 pfu/plaque for 10 plaques each of wild-type Fruitloop and FruitloopD52 respectively). Thus, gene 52 is not required for lytic growth of Fruitloop or for efficient phage propagation.
Fruitloop gp52 interferes with Subcluster B2 phage superinfection
We reasoned that although Fruitloop gp52 is not required for lytic growth, that it could play an important role in preventing superinfection by either Fruitloop itself or unrelated (heterotypic) phages when Fruitloop is undergoing lytic replication. In this scenario, interference would be specific to phages that use Wag31 as part of the infection process. Although no such phages have been described, the polar localization of Wag31 near the cell surface (Meniche et al., 2014) is consistent with the idea that a subset of phages could utilize it for infection, most likely for DNA passage across the cytoplasmic membrane. Because Wag31 is essential and expression of Fruitloop gp52 is toxic, we could not use a simple plaque assay to screen for Wag31-dependent phages. We therefore initially tested whether superinfection of Fruitloop itself is inhibited by gp52 expression, using detection of Fruitloop-specific transcripts by RT-PCR as a surrogate for successful infection. However, using primers targeted to the highly expressed Fruitloop gene 101 (Fig. 4) , we observed no difference in transcript levels comparing cells expressing gp52 and those that do not (see below). This suggests that Fruitloop does not require Wag31 for infection.
To broaden the search for phages that could be Wag31 dependent and thus interfered with by Fruitloop gp52 expression, we prepared a pool of 48 individual mycobacteriophages -broadly reflecting their genetic diversity -and determined transcript levels by RNAseq. Sequence reads were mapped to the individual genomes and we calculated the ratio of reads obtained from infection of cells expressing Fruitloop gp52 to those that are not ( Fig. 6A and Supporting Information Table S1 ). Although about one-third of the phages had RNA levels too low to evaluate (presumably either because the titer was too low or because of interference from other phages in the mixture), all of the others, except for one, had RNA levels similar in the Fruitloop gp52-expressing and control strains ( Fig. 6A and Supporting Information Table S1 ). (Fig. 6B) . For these experiments, Hedgerow particles were added 1 h after gp52 induction, such as to minimize the effects of changing cellular morphology that is seen after four hours of induction (Fig. 1D) . Similar experiments with infection by either Fruitloop (Fig.  6C) or the unrelated phage Wildcat (Fig. 6D) showed no difference in transcript levels in cells expressing Fruitloop gp52 from that that do not. We also tested infection by Rosebush, which is closely related to Hedgerow and also grouped in Subcluster B2, and observed a similar level of Fruitloop gp52-dependent reduction as for Hedgerow (Fig. 6E) .
To determine if the impact of Fruitloop gp52 on Hedgerow infection is mediated via inactivation of Wag31, we tested Hedgerow infection of cells expressing the I70S mutant of gp52, which is not toxic when overexpressed and is defective in its interaction with Wag31 (Fig. 3) . We observed no interference in the levels of Hedgerow transcripts (Fig. 6F) , consistent with Hedgerow being Wag31 dependent. Because Wag31 localizes to the cell poles (Meniche et al., 2014) and is reported to be located on both the cytoplasmic and extracytoplasmic sides of the membrane (Mukherjee et al., 2009) , it is likely that Wag31 specifically facilitates DNA entry during Hedgerow (and Rosebush) infection (Fig. 7) . Thus, interference of Hedgerow by Fruitloop gp52 expression mirrors the process by which virally encoded membrane proteins facilitate superinfection exclusion (Cumby et al., 2012) .
Discussion
Identification and characterization of phage-encoded toxic proteins provides a useful approach to identifying potential drug targets for antibiotic development (Liu et al., 2004) . Mycobacteriophage-encoded toxic proteins have been reported previously (Donnelly-Wu et al., 1993; Chattoraj et al., 2008; Rybniker et al., 2011) , and the finding that Fruitloop gp52 toxicity is mediated through Wag31 provides strong support for using this approach to find new drug targets for tuberculosis. Wag31 is essential for growth, and aminopyrimidinesulfonamides have been identified as Wag31 inhibitors (Singh et al., 2017) . However, the finding that Fruitloop gp52 is involved in preventing superinfection of A. Fruitloop was targeted using BRED to delete gene 52, and primary plaques were recovered and screened by PCR (top panel). The wild-type Fruitloop genome gives a 1,160 bp PCR product, whereas the engineered deletion derivative is predicted to give a 920 bp product. Eighteen primary plaques were screened, some of which give only the wild-type product, some are mixed, and some give predominantly the mutant product. The plaque shown with the asterisk was picked, re-plated and individual secondary plaques screened by PCR (lower panel); all give only the mutant product. The secondary plaque marked with the asterisk was chosen for further study. B. Fruitloop and the FruitloopD52 mutant were plated onto solid media, and both give similar sized plaques and plaque morphotypes.
heterotypic phages illustrates how the identification and analysis of toxic proteins can also help determine the functions of phage genes for which there are few other convenient assays.
We have shown here that Fruitloop gp52 is expressed early in lytic growth, interacts with Wag31, and its overexpression leads to changes in cellular morphology and loss of viability. Fruitloop gp52 is small (93 residues), and the second of three predicted alpha helices appears to be important for the Wag31 interaction. Fruitloop 52 is expressed during lytic growth but not during lysogeny, and the presence of the C-terminal ssrA-like tag likely plays a role in preventing even low level lysogenic expression from being toxic and inhibiting growth of the lysogen. Fruitloop 52 is not required for lytic growth and can be readily deleted, consistent with the finding that it is only present in about 60% of Cluster F genomes; it is not present in any genomes outside of Cluster F.
The finding that Fruitloop gp52 plays a role in preventing infection by Subcluster B2 phages is consistent with the other properties described here and suggests strongly that phages such as Hedgerow and Rosebush require Wag31 for efficient infection (Fig. 7) . It is notable that our preliminary search did not identify other Wag31-dependent phages and that Fruitloop gp52 interference is quite specific for a particular genomic subset of phages. The pool of phages analyzed by RNAseq included phages from other Cluster B subclusters which showed no gp52 influence ( Fig. 6A and Supporting Information Table S1 ), suggesting that Wag31 dependency may be constrained to Subcluster B2 phages, of which 26 have been described to-date (Russell and Hatfull, 2017) . We assume that Wag31 is specifically involved in DNA injection of these phages and that these phages attach to the cellular poles where Wag31 is located (Meniche et al., 2014) . How such phages utilize Wag31 is not yet clear, but by analogy to the HK97 gp15 exclusion protein (Cumby et al., 2012; Cumby et al., 2015) , the tape measure proteins of Hedgerow and Rosebush could interact directly with Wag31. All of the 26 Subcluster B2 phages have very similar Tmp proteins (> 98% amino acid identity) and may all be Wag31 dependent; the Tmp's of other Cluster B phages are more distantly related (45-63% aa identity with Rosebush Tmp). However, we note that Wag31 is reported to be located on both the cytoplasmic and extracytoplasmic side of the membrane (Mukherjee et al., 2009) , and as such, it is possible that phage tail proteins other than the Tmp could associate with extracytoplasmically located Wag31. Some of the Hedgerow and Rosebush minor tail proteins are present in non Subcluster B2 phages, raising the possibility that Wag31 dependence may not be exclusive to Subcluster B2 phages.
Expression of Fruitloop gp52 during lytic growth presumably confers a similar advantage to that of exclusion systems (Labrie et al., 2010; Cumby et al., 2012; Bergua et al., 2016) , preventing infection by other phages that would lead to a reduction of resources available for Fruitloop replication and thus place it at a selective disadvantage. Many viral exclusion systems involve small membrane proteins that interfere with productive DNA injection, and Fruitloop gp52 represents an alternative mechanism for achieving a similar outcome. It is unclear why phage Fruitloop specifically excludes Subcluster B2 phages, and there is little evidence that they have evolved similarly or used common hosts throughout their evolution. We note for example that they differ substantially in GC% content, with Subcluster F1 phages (e.g., Fruitloop) and Subcluster B2 phages having average G 1 C content of 61.5% and 68.7% respectively.
Interestingly, Fruitloop 52 is located in a variable part of the Cluster F genomes where other defense and counter-defense genes are present (Fig. 7A ). For example, Tweety 54 codes for a tunable counterdefense system that can overcome prophage-mediated defense systems encoded by mycobacteriophages Phrann and MichelleMyBell . If gene 54 is deleted, then Tweety is still targeted by these prophages, but mutations in Tweety genes 56 and 57 can overcome the prophage-mediated defense (Fig. 7A) . Although Fruitloop and Tweety share only a few genes in this region (Fig. 7A) , Fruitloop 52 and Tweety 54 have approximately colinear positions, consistent with them both playing roles in phage-host dynamics, albeit with Tweety gp54 facilitating counter-defense, and Fruitloop gp52 in exclusion.
Finally, we note that the toxic outcome of Fruitloop gp52 overexpression is likely irrelevant for Fruitloop infection. Not only is gene 52 not required for Fruitloop growth, but that the Fruitloop growth cycle is completed within about 3 h, when there is little change in growth or cellular morphology following gp52 induction from the overexpression plasmid.
The role of Fruitloop gp52 in preventing superinfection is consistent with its toxic phenotype, but toxicity itself is likely irrelevant to phage growth, and deletion of 52 has no observable impact of Fruitloop growth. Nonetheless, it is advantageous for phages such as Hedgerow and Rosebush to use essential gene functions such as Wag31 for their infectivity -to help reduce the incidence of resistance -and thus, it is not surprising that phageencoded proteins selected to confer exclusion by interference with these, will lead to toxicity when overexpressed. This rationale is pleasing, as it suggests that using toxicity of mycobacteriophage-encoded proteins as a functional screen may not only identify potential targets for tuberculosis drug development but will also provide key insights into host-phage dynamics.
Experimental procedures

Growth of bacteria and bacteriophages
Mycobacterium smegmatis mc 2 155 was grown at 378C in Difco 7H9 liquid medium supplemented with 0.5% glycerol, 0.05% Tween 80 and 10% albumin-dextrose complex (ADC), or on 7H10 solid media supplemented with 0.5% glycerol and 10% albumin-dextrose complex (ADC) as described previously (Payne et al., 2009) ; carbenicillin and cycloheximide were added at concentrations of 50 and 10 mg ml 21 respectively. When used for phage infection, cultures were supplemented with 1 mM CaCl 2 , and Tween 80 was omitted. Phages were propagated by as described previously (Pedulla et al., 2003) .
Construction of plasmid and phage derivatives
Plasmids pTNds and pTNdi are vectors designed as Tet-on Gateway Cloning destination plasmids (Invitrogen); pTNds and pTNdi are Hygromycin (Hyg) resistant and Streptomycin (STR) resistant respectively. Plasmid pTNds replicates extrachromosomally in mycobacteria and was constructed by inserting the PacI-PmeI fragment containing the Tet-on promoter and the multiple cloning site from plasmid pTX-2M1X (Stephanou et al., 2007) into plasmid pTE-mcs1 (Klotzsche et al., 2009 ) between the Pac I and Pme I sites. The Pac I-Pme I fragment was modified in that its tetR gene (tetR( Bsyn1-50 )) was replaced by the tetR gene (tetR( Bsync1-207 )) from plasmid pTE-10M0X (Klotzsche et al., 2009) . The fragment also has the Gateway Cloning Cassette RfA (Invitrogen) inserted downstream of promoter P tet-on . Plasmid pTNdi is a mycobacterial integration vector and was constructed by inserting the same fragment that was inserted into plasmid pTE-mcs1 but inserted into plasmid pTC-mcs (Klotzsche et al., 2009) which carries the L5 integration cassette (Lee et al., 1991) . Cloning of genes into pTNds and pTNdi was done according to Invitrogen's 'Gateway Technology with Clonase II' user manual but using a reduced (4 ml) reaction volume. It is important to note that due to the nature of Gateway Cloning technique and the location of Gateway Cloning Cassette being downstream of the promoter, a ribosomal binding site (RBS) is required to be included with the inserted gene. Protein expression from the integrated and extrachromosomal plasmids was induced by adding 300 and 100 ng ml 21 ATc respectively. A Gateway Cloning Cassette RfA-free version of pTNds (i.e., pCCK38) was also created for use as an empty vector control for infection interference assays.
Plasmid pCCK1 is a derivative of pTNds carrying a fragment from mycobacteriophage Fruitloop (coordinates 38, 194 ) that includes gene 52 and the 30 bp upstream containing the RBS. Plasmid pCCK2 is similar to pCCK1, except that a HA tag (DNA: 5 0 -tacccgtacgacgtcccggactacgcc) is added at the extreme 3 0 end of gene 52. Plasmid pCCK3 is a derivative of pCCK1 in which eGFP is fused to the 3 0 end of gene 52, with linker inserted between them coding for N-GGGS. Plasmid pCCK4 is similar to pCCK1, but the gene 52 fragment is inserted into plasmid pTNdi instead of plasmid pTNds; plasmid pCCK5 is the pTNdi derivative of pCCK2. Plasmid pCCK11 is a derivative of pTNds carrying the mCherry gene with the TM4 gp9 RBS as described previously (Oldfield and Hatfull, 2014) . Plasmids pCCK6, pCCK7, pCCK8, pCCK9 and pCCK10 are derivatives of pCCK1 containing truncated versions of gene 52 inserted into plasmid pTNds and contain the F52mut1, F52mut, F52mut3, F52mut4 and F52mut5 fragments respectively. All of these truncated mutants used the same native RBS region as Fruitloop 52.
Plasmids pCCK18, pCCK19, pCCK20 and pCCK21 are plasmid pCCK11 derivatives with different degradation tags fused to the C-terminus of mCherry's. Plasmid pCCK18 adds a tag composed of the C-terminal 19 residues of gp52 and plasmid pCCK19 contains the same tag but with an A92E substitution at the penultimate residue. Plasmid pCCK20 includes a tag composed of the C-terminal 19 residues of BPs gp33 (Broussard et al., 2013) . Plasmid pCCK21 is a derivative of pCCK20 with a A135E substitution at the penultimate residue.
Plasmid pCCK22 was constructed by PCR amplification of a 819 bp fragment from M. smegmatis mc 2 155 (NC_008596.1 coordinates 4,299,939-4,300,757 complement) containing the wag31 gene (MSMEG_4217) inserted between the Nde I and Hind III sites in mycobacterial extrachromosomal vector pJL37 (Bibb and Hatfull, 2002) such that Wag31 is expressed from the P hsp60 promoter. Plasmid pCCK23 is a derivative of pCCK22 containing a Cterminal FLAG tag (DNA: 5 0 -gactacaaggacgatgatgacaag) directly at Wag31's extreme 3 0 end without a linker. Plasmid pCCK24 was constructed by PCR amplification of a 675 bp fragment from M. smegmatis mc 2 155 (coordinates 5,898,597-5,899,271 complement) containing MSMEG_5831 inserted between the Nde I and Hind III sites in mycobacterial extrachromosomal vector pJL37, together with a C-terminal FLAG tag, as described earlier.
Plasmid pLO74 is an integrated vector containing the mycobacteriophage Tweety integration cassette (Pham et al., 2007) and expresses mCherry from the P hsp60 promoter (Oldfield and Hatfull, 2014) . Wag31, accA3 (MSMEG_1807, coordinates 1,883,433-1,885,229 complement, with start codon changed from GTG to ATG), accD4 A. Ratio of RNAseq reads in the absence and presence of Fruitloop gp52 mapping to each of 48 individual phages used for pooled infections. The ratios were normalized for the reads mapping to the host genome for the strain expressing Fruitloop gp52 relative to the strain that does not. For some phages, the numbers of reads/genome were low (< 50) (MSMEG_6391, coordinates 6, 455, 456, 743 complement, with start codon changed from GTG to ATG), AccD5 MSMEG_1813, coordinates 1, 888, 890, 125) and cwsA (MSMEG_0023, coordinates 44, 102 ) genes of M. smegmatis mc 2 155 were individually cloned into plasmid pLO74 to replace mCherry gene using NEBuilder HiFi DNA Assembly Cloning Kit (NEB) and are named plasmids pCCK25, pCCK26, pCCK27, pCCK28 and pCCK29 respectively.
In addition to plasmid pCCK23 that carries P hsp60 -controlled FLAG-tagged Wag31, another version of plasmid carrying FLAG-tagged Wag31 was constructed. In this version, the plasmid is an integrated vector containing the Tweety integration cassette and its FLAG-tagged Wag31 is controlled by Wag31's native promoter. The plasmid was constructed by using the Q5 site-directed mutagenesis kit (NEB) to replace the Wag31's C-terminal mCherry fusion with a FLAG tag on plasmid pCCK30. There is an insert coding for N-GGGGS linker (DNA: 5 0 -ggcggtggtggctcg) between Wag31's C-terminus and the FLAG tag. This plasmid is designated pCCK31.
Plasmid pCCK30 is a mycobacterial integration plasmid expressing a fusion protein in which mCherry is fused to the C-terminus of M. smegmatis Wag31. It was constructed using NEBuilder HiFi DNA Assembly Cloning Kit (New England Biolabs) by fusion of two DNA fragments as follows. The first fragment is derived from plasmid pLO74 (Oldfield and Hatfull, 2014) by PCR amplification and is a vector backbone containing the Escherichia coli plasmid replication origin OriE, the kanamycin resistant gene, the mycobacteriophage Tweety integration cassette (Pham et al., 2007) and the mCherry gene. The second fragment (1,062 bp) was generated by PCR and contains M. smegmatis coordinates 4,299,942-4,300,997 such as to include the wag31 gene and 240 bp of its upstream sequence, including expression signals. A short linker (Protein: GS, DNA: 5 0 -GGCTG) included between Wag31 and mCherry.
A derivative of Fruitloop in which gene 52 is deleted (FruitloopD52) was constructed by Bacteriophage Recombineering of Electroporated DNA (BRED) (Marinelli et al., 2008) . In brief, Fruitloop DNA was co-electroporated into electrocompetent recombineering M. smegmatis mc 2 155 cells (van Kessel and Hatfull, 2007) with a 520 bp linear fragment corresponding to Fruitloop coordinates 38,671-39,430, but lacking the sequence between the 5 0 18 bp and 3 0 24 bp of gene 52. This fragment was generated by PCR amplification of synthetic g-blocks (IDT).
Identification of Fruitloop 52 as toxic to M. smegmatis
Approximately 50 ng of plasmid pCCK1 was transformed into 100 ml M. smegmatis mc 2 155 electrocompotent cells with 2.5 kV, 1,000 X and capacitance at 25 lF. The transformed cells were added with 1ml 7H9 1 ADC 1 Tween 80 and incubated at 378C with shaking for 2-4 h. A portion of the culture (typically 100-250 ml) was then plated onto solid media containing hygromycin (150 mg ml
21
) and incubated at 378C for 3 days. Transformants were picked and patched onto solid media either with or without ATc (100 ng ml 21 ) Fig. 7 . A model for superinfection exclusion by Fruitloop gp52.
A. Small segments of the genomes of phages Tweety, Boomer, Fruitloop and Cerasum are aligned by Fruitloop 54, which is shared by all four genomes. There is substantial variation among various Cluster F phages in this region, but some genes are known to be involved in defense against superinfection or counter-defense against defense systems. Tweety gene 54 is a tunable counterdefense system active against Phrann and MichelleMyBell prophage-mediated defense and mutants that overcome these defense systems map either in Tweety 54 or Tweety genes 56 and 57 if 54 is deleted and incubated at 378C for 3 days. Plasmid pCCK11 expressing mCherry was used to monitor for induction with ATc.
Isolation of Fruitloop 52 mutants
Error-prone PCR was used to amplify Fruitloop gene 52 in the Gateway Cloning's PCR amplification step and recombined into pTNds to yield potential Fruitloop 52 mutant. For error-prone PCR, we amplified for 30 cycles using 7 mM Mg 21 , 0 or 0.1 mM MnCl 2 , 5 U Taq DNA polymerase (NEB)/50 ml reaction and a dATP : dGTP : dCTP : dTTP ratio of 1:1:5:5. After electroporation into M. smegmatis mc 2 155, transformants were selected on solid media containing ATc (100 ng ml
21
). The candidate mutant plasmids were recovered in E. coli NEB10-beta by electrotransduction (Baulard et al., 1992) , following by plasmid purification, restriction digestion and sequencing. A total of 54 mutants were analyzed, three of which contained single amino acid substitutions at I70S, V45E and W71R, and these plasmids are designated pCCK12, pCCK13 and pCCK14 respectively. Using Gateway Cloning, a HA tag was attached to the C-terminus of each mutant, generating plasmids pCCK15, pCCK16 and pCCK17 respectively. The other 51 mutants contain multiple substitutions or other noninformative mutations. Seven contain frameshift mutations in Fruitloop 52, 22 have substitutions introducing translational stop codons, and four have mutations in the translational start codon. Five have two amino acid substitutions, and four have three amino acid substitutions. The other nine are truncated mutants. These 51 mutants were not analyzed further.
Microscopy
Light microscopy was done using Axiostar plus Transmitted-Light Microscopy (Zeiss) with 1003 objective lenses, and fluorescence microscopy was performed similarly using the HBO 50 Microscope Illuminator (Zeiss) and filter 42002 (Chroma).
mCherry degradation assay
Mycobacterial liquid cultures of M. smegmatis mc 2 155 carrying plasmids pCCK11, pCCK18, pCCK19, pCCK20 and pCCK21 were grown to OD 600 0.5 at 378C with shaking prior to induction. Following induction by the addition of ATc, samples were taken at various time points and OD 600 and fluorescent intensity determined using FLA-5000 Fluorescent Image Analyzer (Fujifilm) with the laser set at 532 nm and using a LPG filter.
Co-immunoprecipitation
Approximately 100 ml of liquid cultures of M. smegmatis carrying either pCCK1 or pCCK2 were grown to OD 600 0.5 at 378C with shaking, expression was induced for 7 h by ATc addition and cell were recovered by centrifugation. Following resuspension in 500 ml lysis buffer (50 mM Tris-HCl, 1 mM EDTA, 0.5% Triton X-100, 1 mM PMSF), cells were lysed by sonication and centrifugation. Approximately 8 mg of each lysate was incubated with anti-HA agarose beads using the Pierce HA tag IP/Co-IP kit (ThermoFisher), washed with lysis buffer and TBS (25 mM Tris-HCl, 150 mM NaCl, pH 7.4) and eluted with 23 nonreducing sample buffer with b-mercaptoethanol (ME) added into eluant after elution. Following gel electrophoresis, protein bands were excised, trypsin digested and analyzed by nano-reverse phase HPLC interfaced with an LTQ linear ion trap mass spectrometry (Biomedical Mass Spectrometry Center at University of Pittsburgh). Protein masses were process with the SEQUEST search engine and Scaffold software.
Reverse Co-IP was done in a similar manner as described in Co-IP, except that overexpressed wild-type Wag31 (pCCK22) or FLAG-tagged Wag31 (pCCK23) or FLAG-tagged MSMEG_5831 (pCCK24) served as the bait and Anti-FLAG M2 affinity gel (Sigma-Aldrich) was used for immunoprecipitation. The detection of the reverse Co-IP results was also done using Western blot analysis.
RNAseq and proteomic analyses
A lysate of mycobacteriophage Fruitloop was used to infect mycobacterial liquid culture of OD 600 0.7 at a multiplicity of infection (moi) of 3 for 10 min before incubating at 378C. At 30 min and 2.5 h after the start of incubation, 4 ml of samples were collected and RNA isolated using matrix lysing tubes (MP Biomedicals) and the RNeasy Mini Kit (Qiagen). Following the removal of DNA with a TURBO DNA-free kit (Ambion) and removal of rRNA using a RiboZero rRNA removal kit (Gram-positive bacteria, Illumina), RNA was library prepped using the strand specific TruSeq RNAseq kit (Illumina) according to the manufacturer's instructions, as described previously . For RNAseq analysis of an M. smegmatis mc 2 155 (Fruitloop) lysogen, we first grew eight independent cultures to OD 600 0.7, clarified by centrifugation and determined the titer of phage particles released into the supernatant. The culture yielding the lowest titer was used for RNA isolation and processing as described earlier.
Proteomic analyses on phage infected cells were performed using similar samples as described for RNAseq analyses. Infected cells 30 and 150 min are infection were collected by centrifugation, lysed and analyzed by LC/MS-MS using the X!Tandem search engine and Scaffold for data analyses at UC Davis Proteomics Core Facility.
Infection interference assays
To test for interference of phage infection, M. smegmatis cells carrying either vector pCCK38 or pCCK1 expressing Fruitloop gp52 were induced with ATc for 60 min, collected by centrifugation and resuspended in approximately onetenth of the original volume. Phage particles were added at an moi of 0.1, adsorbed for 10 min at room temperature, and then, fresh media were added (including ATc) to the original volume and incubated at 378C with shaking for 150 min. RNA was isolated as above and RT-PCR amplified Fruitloop gp52-mediated exclusion 457 using random hexamers for reverse transcription and phage-specific primers for PCR. To infect with a mixture of phages, approximately equivalent numbers of particles of 48 phages were mixed and used for infection at a total moi of three and incubated as above. RNA was isolated and sequenced by RNAseq, as described earlier, and sequence reads mapped to each of the individual genomes.
